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ABSTRACT In this paper, a systematic design procedure of a compact and broadband circularly polar-
ized (CP) antenna is proposed. The antenna is first designed with a C-shaped monopole, and then a
C-shaped slotted patch is utilized to produce CP radiation in the lower frequency band. Thus, the antenna’s
overall CP bandwidth (BW) is significantly increased. In addition, unlike the conventional method in which
the operation is verified by the simulated surface current distribution, characteristic mode analysis (CMA) is
carried out to give more insight into different modes on the antenna and generation of circular polarization.
The CMA also helps to realize a structural optimization and identify an efficient feed location. The optimized
antenna prototype with a compact size of 0.29λo × 0.29λo × 0.01λo (λo is the minimum wavelength at the
minimum operation frequency) achieves a usable 10-dB reflection coefficient and 3-dB axial ratio fractional
BW of 91% (2.1–5.6 GHz). The antenna realized broadside gain varies from 1.5 to 3.2 dBic within this
measured overlapped BW.
INDEX TERMS UWB antenna, circularly polarized (CP), characteristic mode (CM), monopole, slot.
I. INTRODUCTION
In the era of modern wireless communications, there
are extensive research activities into circularly polar-
ized (CP) antennas with broadband characteristic for
ultra-wideband (UWB) systems. They were able to be
accomplished by various types of structures, i.e., dielectric
resonators [1], [2], dipole antennas [3]–[5], or microstrip
patches [6], [7]. However, due to the requirement of a ground
plane reflector, these designs are featured by complicated
structures, large overall dimensions and/or limited CP band-
widths (BWs).
For applications that do not require ground plane reflectors,
the use of printed slot antennas [8]–[13], monopole [14]–[19]
and dipole antennas [20], [21] have been investigated. These
types of antennas were demonstrated to realize very wide
operation bandwidth (BW) with low profile, low structural
complexity as well as fabrication cost. Various antenna con-
figurations have been reported with a wide range of different
geometries, from basic shapes such as rectangle [19], [20],
ellipse [14] to more irregular ones, e.g. U-shape [13],
T-shape [18], C-shape [11], [16], [17]. However, the working
principle is not clear since all of them depend on the simulated
field distribution of the optimized design, which serves only
as a verification tool rather than a design approach. Addition-
ally, different shapes seem to be arbitrary choices, i.e. in a
trial-and-error basis.
The characteristic mode analysis (CMA) has been proved
to give the insightful physical understanding of the antenna’s
operating mechanism [22]–[25]. It provides the natural char-
acteristics of electromagnetic resonance with current dis-
tribution and far field radiation pattern [26], [27]. This
information can be used to evaluate the antenna’s perfor-
mance and useful in optimization process [28]–[38]. Utilizing
CMA, this paper presents a methodical approach to design
CP antenna for compact size and broadband operation. For
higher band CP radiation, the proposed design employs a
C-shaped monopole, which couples with a C-shaped slotted
patch to extend the operating frequency into lower region.
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The main focus of this paper is to provide a systematic and
theoretical approach to design this type of antenna. As a
validation, an antenna is optimized, fabricated and measured
to demonstrate an UWB CP operation bandwidth of 91%,
which is comparable to the state-of-the-arts designs. The
antenna is analyzed and optimized using CST Microwave
Studio commercial software. The proposed approach makes
use of both CMA and numerical simulation tools, where
CMA is only carried out for simple geometries for a very
quick estimation on the structure parameters followed by the
full-wave simulation, which is used to fine-tune the param-
eters. It is noted that for wideband antenna, the CMA takes
significantly long time to completely track a large number of
modes. Thus, the proposed approach is well-suited for this
type of antenna.
II. CHARACTERISTIC MODE ANALYSIS FOR CP
ANTENNAS
Characteristic modes (CM) are current modes obtained
numerically for arbitrarily shaped conducting bodies. They
are independent of any kind of excitation and only depend on
the size and shape of the conducting object. The CM theory
is extensively described in [22] and [23] for perfect electric
conductor. It is extended for composite metal-dielectric struc-
tures in [24], in which the characteristic modes results are
obtained by using a Method of Moments based on surface
integral equation. For the design of the proposed CP antenna,
only two important parameters, namely characteristic angle
(αn) and modal significance (MSn) as the function of eigen-
value (λn), are required to be considered:
αn = 180◦ − tan−1(λn) (1)
MSn = 1/|1+ jλn| (2)
The characteristic angle models the phase difference
between the characteristic current, Jn, and the associated
characteristic field, En. The characteristic angle is defined
and its physical meaning was discussed comprehensively
in [25]. Themode is at resonance and becomes a good radiator
when α is close to 180◦. On the other hand, when α is near
90◦ or 270◦, the mode mainly stores energy [23]. The modal
significance is the normalized amplitude of the current mode
and it represents the contribution of a particular mode to the
total radiation when a source is applied.
To generate efficient CP radiation, two orthogonal modes
should be excited simultaneously with 90◦ phase difference.
Thus, the requirements for these two modes are:
1. The current distributions are orthogonal to each other,
2. The modal significances are the same MS1 = MS2,
3. The characteristic angles are α1 = 135◦ and α2 =
225◦, i.e. 45◦ difference from the resonance angle
of 180◦.
4. The directivities are the same at the angle of interest.
It should be noted that although a single mode of char-
acteristic angles of 135◦ or 225◦ (corresponding to λn =
1 or −1) has low radiating efficiency due to high stored
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FIGURE 1. (a) Geometry and current distribution at 5.5 GHz for the first
two modes and (b) Modal significance and characteristic angle of the
circular patch antenna. The design parameter R1 = 11 mm.
reactive energy, the combination of these two modes with
same modal significance MS1= MS2 can still yield 100% of
radiation efficiency. This is because the extra inductive power
in one mode compensates for the extra capacitive power in
the other mode. The pair of modes with characteristic angles
of 135◦ and 225◦ has been utilized to design CP antenna as
shown in [23], [28], [34], and [35].
III. CP GENERATION PRINCIPLE
A. C-SHAPED MONOPOLE ANTENNA
For better demonstration of the design principle, the CMA
is first carried out for a symmetric circular-shaped patch,
which serves as an introduction towards the more compli-
cated structure later. To note that there is currently no ground
plane and the substrate (Taconic RF-35 with εr = 3.5 and
thickness of 1.5 mm) is assumed to be loss-free and infinite
in CMA. This patch becomes amonopolewith the presence of
a ground plane placed next to it [15]. The patch is designed
to operate at around 5.5 GHz and the first 4 characteristic
modes are calculated using numerical simulation software.
Higher order modes have maximum modal significance at
much higher frequencies. Fig. 1 shows the characteristic
modes and characteristic current distribution of the circular
patch. It can be seen that around 5.5 GHz, Mode 1 (J1) and
Mode 2 (J2) are dominant and these two fundamental modes
are featured by two perpendicular currents. However, their
phase difference is 0◦ and hence, J1 and J2 cannot contribute
to the CP realization.
To differentiate the characteristic angle between two
orthogonal modes, the circular patch is modified such that
the effective lengths in x- and y-direction are different. In this
paper, we choose C-shaped patch, which is generated by
subtracting a main circular patch from another eccentric
circle (Fig. 2). It is noted that the use of other shapes
such as U-shaped and ellipse shaped [13], [14] have the
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FIGURE 2. (a) Geometry, current distribution and far-field radiation at
5.5 GHz and (b) modal significance and characteristic angle of the
C-shaped patch antenna. The design parameters: R1 = 11, R2 = 8, d1 = 8
(unit: mm).
same principle.With this configuration, it obsevers the modes
J1 and J2 are shifted away from each other. Fig. 2(b) confirms
the CP radiation requirements mentioned in Section II: at
around 5.5 GHz, the magnitudes of J1 and J2 are almost the
same and they present a phase difference of 90◦. In addition,
their directivities at broadside direction are almost similar.
Thus, if these two modes are properly excited and combined,
they would yield CP radiation at this frequency band.
B. C-SHAPED SLOTTED PATCH ANTENNA
Next, a C-shaped slot is embedded in the center of a squared
patch to realize CP operation at lower frequency band. Fig. 3
shows the geometry of the squared-patch with C-shaped slot
aperture and its modal significance and characteristic angle
of the first 5 modes. Typically, in a wide range of frequency,
mode tracking can be an issue as can be seen in Fig. 3 with
several unnatural transitions [39]. For this geometry, the first
transition occurs at 4 GHz (mode 2 and mode 3). Thus,
we limit discussion in the following to the frequency range
up to 4 GHz, where a fast CMA can be run with a reasonable
accuracy. For frequency higher than 4 GHz, better mode
tracking and extra examination on electric field distribution
should be performed.
For optimization of this design, the patch size, Wp, is
not critical and should be chosen less than 0.5λL (λL is
the effective wavelength at the lowest frequency) due to the
fact that the slot will lower the resonance frequency of the
structure. In this design, it is selected as 0.4λL . Meanwhile,
the dimensions of the slot (d2, R3, R4) are more critical and
they are optimized to provide satisfactory modal significane
and characteristic angle reponses. Here, Mode 3 is ignored as
FIGURE 3. (a) Geometry and (b) Modal significance and characteristic
angle of the C-shaped slotted patch antenna. The design parameters:
Wp = 42, R3 = 18, R4 = 13, d2 = 13 (unit: mm).
its resonance is at much higher frequency (the mode number
is automatically sorted by CST at 2.1 GHz). It observes
the similar phenomenon occurred at the two fundamental
modes J1 and J2 of the C-shaped monopole and the C-shaped
slot squared patch. These modes present the same current
magnitude at 2.1 GHz. Additionally, it is found that the same
modal significances are also obtained at higher frequencies
of 3.2 and 3.5 GHz, which are the combination of the mode
J2 and higher-order modes J4 and J5. From the information
provided by characteristic angle curves, the phase difference
between their modes at these frequencies is quite close to
90◦. However, to verify the CP behavior at these frequencies,
the current distributions of the slotted antenna at 2.1, 3.2,
and 3.5 GHz need to be checked and the simulated results
are illustrated in Fig. 4. It can be seen that J1 and J2 are
respectively dominant at two perpendicular directions and
equal in radiated magnitude at broadside direction. Similar
phenomenon can be observed at 3.5 GHz for modes J2 and J5.
Despite of having about 90◦ phase difference, the current
directions of modes J2 and J4 are identical. Nevertheless,
the CMA shows that the C-shaped slotted patch antenna has
potential to radiate CP waves at 2.1 and 3.5 GHz.
IV. ANTENNA DESIGN AND CHARACTERISTICS
According to the abovementioned CMA, this section shows
a comprehensive design procedure to achieve a compact and
broadband CP antenna with the combination of the C-shaped
monopole and the C-shaped slotted patch antennas. The target
BW is approximately from 2 to 6 GHz.
A. CIRCULARLY POLARIZED C-SHAPED MONOPOLE
ANTENNA
First, the C-shaped monopole antenna with 50- microstrip
feeding line is designed (Fig. 5). It is fabricated on a 1.5 mm-
thick Taconic RF-35 substrate. The patch and ground plane
are printed at two opposite sides of the substrate. CMA is
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FIGURE 4. Simulated current distributions at (a) 2.1 GHz, (b) 3.2 GHz, and
(c) 3.5 GHz. For Mode 2 and Mode 4, the currents in the vertical directions
are opposite at two sides thus they cancel each other at broadside
direction, leaving the dominant being the horizontal current J2 and J4 in
horizontal direction.
FIGURE 5. Geometry of the CP C-shaped monopole antenna. The design
parameters: R1 = 11, R2 = 8, d1 = 10, L = 18, df = 5, wf = 1.8, Wg = 5,
Ws = 42 (unit: mm).
performed to obtain initial design parameters as shown in
Section II.A. It is noted that the CMA, typically around
20s for this structure, is significantly faster than running a
full-wave simulation. The antenna is optimized to work at
frequency range around 5 GHz, i.e. the upper range of the
target operating BW, and the final dimensions of the designed
antenna are shown in the caption of Fig. 5.
Based on the current distribution shown in Fig. 2(b), we can
identify where the feed point should be located to excite
the orthogonal modes, J1 and J2. The principle is to feed
the antenna where the two modes are excited with the same
magnitude [27]. This can be done by subtracting J1 from J2
and identifying the position with minimum difference value.
It is found that the optimal feed locations are at the corner
of the C-shaped patch. To verify this, Fig. 6 presents the
simulated |S11| and AR for different positions of feed line.
By simply moving the feed position from the center to the
corner of the patch, the impedance matching and AR BWs
FIGURE 6. Simulated (a) |S11| and (b) AR of the C-shaped monopole
antenna with different positions of feed line, df .
FIGURE 7. Simulated (a) |S11| and (b) AR of the C-shaped monopole
antenna with different positions of subtracted circle, d1.
are improved with the best performance when df = 5 mm.
Next, the position of the eccentric circular, d1, is investi-
gated and the antenna performances against the variation d1
are depicted in Fig. 7. It observes a minor change in the
impedance BW, while the effects of d1 on AR BW is more
pronounced. Nevertheless, with the key antenna dimensions
and feeding position obtained from CMA, the antenna perfor-
mance is quite immune to parameter variations.With this type
of feeding, the C-shaped monopole is able to achieve the best
usable fraction BW of 28%, ranging from 4.6 to 6.1 GHz.
This simulated result agrees well with the CMA of the
C-shaped patch demonstrated in Section III.A.
B. CIRCULARLY POLARIZED C-SHAPED MONOPOLE AND
C-SHAPED SLOTTED PATCH ANTENNA
As discussed earlier, to improve the CP BW, a C-shaped
slotted patch is employed to operate at the lower frequency
band. Fig. 8 shows the configuration of the final design CP
antenna.
To optimize this antenna, CMA is first used to obtain the
initial parameters of the squared patch and the slot as shown
in Section III.B, i.e. with the potential CP resonances at the
lower range (2.1 and 3.5 GHz) of the target BW. This slotted
patch is then fed by the C-shaped monopole optimized in
Section IV.B. The slotted patch is excited through a cou-
pling mechanisim with the directed fed C-shaped monopole.
Therefore, the position of the monopole plays an important
role on the performance of the slotted patch. Here, by using
CMA again, we can also predict the satisfactory location of
the C-shaped monopole, which is located closely to the edge
of the slot to excite the required modes (J1, J2, J5) for CP
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FIGURE 8. Geometry of the broadband C-shaped monopole and slot
antenna. The design parameters: R3 = 18, R4 = 13, d2 = 19, R1 = 11,
R2 = 8.4, d1 = 7, dx = 22, dy = 12.5, df = 6, wf = 2.4, Ws = 42
(unit: mm).
FIGURE 9. Simulated (a) |S11| and (b) AR of the C-shaped monopole
antenna with and without C-shaped slot.
radiation at 2.1 and 3.5 GHz. This is similar to the feeding of
the C-shaped monopole.
It should be clarified here that a CMA for the final design
(Fig. 8) across a wide bandwidth (2 to 6 GHz) is time-
consuming, with difficulty in mode tracking, thus it is not
used for the optimization here. However, for the proposed
design, since the CP monopole is fed directly, it is reasonable
to expect that the modes associated with the monopole are
dominant around 5 GHz. Furthermore, since the monopole
does not radiate at low frequency, the low-frequency opera-
tion is dominant by the C-shaped slotted patch. The dotted
black curve in Fig. 9 shows the performance of the antenna
with the dimensions obtained from the CMA in Section III
and IV.A. As expected, a potential wideband performance can
be achieved. The design is then fine-tuned using numerical
full-wave simulation software and the optimized results are
shown as solid blue curve in Fig. 9. The results show that a
very wide CPBWof 96.1% can be achieved in this configura-
tion. For readers’ convenience, we show some key parameter
studies in the following, noting that only one parameter is
varied while the others are kept as their optimized values
shown in Fig. 8’s caption. Fig. 10 shows the simulated |S11|
and AR results when moving the monopole along y-axis, dy.
As decreasing dy, the monopole will bemore close to the edge
of the slot and therefore the impedance matching and AR can
be significantly improved. The AR can be further improved
by slightly tuned the position of the monopole along x-axis,
dx , as shown in Fig. 11. These results agree well with the pre-
diction based on the CMAabout the position of themonopole,
which is critical to determine the overall operating BW of the
antenna. In addition, according to the information provided
FIGURE 10. Simulated (a) |S11| and (b) AR of the C-shaped monopole and
the C-shaped slotted patch antenna for different position of the
monopole along y-axis, dy .
FIGURE 11. Simulated (a) |S11| and (b) AR of the C-shaped monopole and
the C-shaped slotted patch antenna for different position of the
monopole along x-axis, dx .
in Figs. 6 and 7, the impedance matching and AR in the upper
band can be adjusted by tuning d1 and df . In contrast, the CP
radiation in lower band can be optimized by properly tuning
d2 and R4, which is expected as the C-shaped slot controls
the lower frequency performance. For brevity, Fig. 12 only
presents the effect of d2 on the antenna reflection coefficient
and AR.
C. DESIGN PROCEDURE
The design procedure can summarized as:
Step 1:Use the theory of CM to predict the initial values for
the C-shaped monopole (R1,R2, d1) and the C-shaped slotted
patch (Wp,R3,R4, d2) to achieve CP radiation at desired fre-
quency bands (Wp is not critical for CP performance). Based
on the simulated characteristic currents, predict the optimal
feeding positions.
Step 2: Design the CP C-shaped monopole antenna with
ground plane and feeding line. Tune df , wf to obtain satis-
factory S11 performance. The CP operation is optimized by
tuning R2 and d1.
Step 3:Replace the ground plane with the C-shaped slotted
patch. Adjust the position of the monopole by simply tuning
dx , dy to achieve reasonable overall S11 and AR perfor-
mances.
Step 4: Final tune R2, d1 to achieve the best performance
in upper band and R3, d2 for lower band.
V. MEASUREMENT RESULTS
A prototype of the proposed antenna has been fabricated and
tested. The photograph of the fabricated antenna is shown
in Fig. 13. Fig.s 14 and 15 depict the antenna’s simulated
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FIGURE 12. Simulated (a) |S11| and (b) AR of the C-shaped monopole and
the C-shaped slotted patch antenna for different values of d2.
FIGURE 13. Fabricated antenna.
FIGURE 14. Simulated and measured |S11|.
FIGURE 15. Simulated and measured AR and realized gain.
and measured results in terms of reflection coefficient, AR,
and realized broadside gain. A good agreement between sim-
ulation and measurement is observed. The antenna is able
to achieve good performance in the wide range of frequency
band from 2.1 to 5.6 GHz, equivalent to 91% fractional BW.
Additionally, the measure realized broadside gain within this
usable BW is varied from 1.5 to 3.2 dBic.
The simulated and measured radiation patterns at different
frequencies in two principle planes are plotted in Fig. 16.
The antenna exhibits bi-directional radiation characteristics
with right-hand CP (RHCP) in the+z direction and left-hand
CP (LHCP) in the –z direction. Furthermore, the isolations
FIGURE 16. Simulated and measured realized gain radiation patterns at
(a) 3 GHz, (b) 4 GHz, and (c) 5 GHz.
TABLE 1. Performance Comparison Among CP Antennas Using Monopole
and/or Slot Structures.
between RHCP and LHCP radiations for both ±z directions
are always better than 15 dB entire the usable BW.
Finally, we present the performance comparison between
the proposed antenna and the other report CP antennas
using monopole and/or slot structures in Table 1. Overall,
the antenna shows a comparable performance with state-of-
the-art designs. Apparently, there is a trade-off among lateral
sizes, CP operation BW and maximum gain. Although the
designs in [13] and [21] show a wider BW, their reported
radiation patterns were tilted to be quite off broadside while
the main beam in the proposed design tends to remain at
broadside across the frequency range (Fig. 16). Neverthe-
less, the proposed technique has its value in giving more
insightful into the working principle as well as providing a
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comprehensive design guideline with a well-defined geome-
try. Using the proposed approach, some broadband antennas
in recent literature can be revisited with the CM as a comple-
ment analysis.
VI. CONCLUSION
This paper demonstrated a compact and broadband CP
antenna using the combined monopole and slot structures.
A systematic design procedure is proposed with the aid of
the theory of CM. The antenna has been designed and well
understood with established electromagnetic principles. The
present findings can inspire the study of different of antennas
using CM to give more theoretical insights and possibly more
efficient optimization process. A final antenna with overall
size of 0.29λo×0.29λo×0.01λo, where λo is the wavelength
at the lowest operation frequency, yields usable fractional
BW for |S11| ≤ −10 dB and AR ≤ 3 dB of 91%, ranging
from 2.1 to 5.6 GHz. The antenna has bi-directional radiation
pattern and measured gain of from 1.5 to 3.2 dBic within the
usable BW.
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